A method for direct reductive amination of aldehydes and ketones, including α,β-unsaturated carbonyl compounds, has been developed, which requires potassium formate as reductant and palladium acetate as catalyst. Suitable amines include both primary and secondary aliphatic and aromatic amines.
The direct reductive amination of carbonyl compounds 1 is a useful organic transformation for preparing primary, secondary and tertiary amines. The carbonyl compound initially reacts with ammonia or amine to form an imine, which then undergoes reduction in presence of hydrogen or hydride ion (Scheme 1). The term 'direct reductive amination' is used to describe a reaction in which a mixture of the carbonyl compound and the amine is treated with suitable reducing agent in a one-pot operation.
1b Several reductive systems are known to effect the reduction of the C-N double bond of the imine. The Borch reduction, 2 one of the early methods, involves sodium cyanoborohydride, [NaBH 3 CN], as the reductant. However, use of excess reagent (up to 5-fold) along with toxic cyanide as the byproduct limits its wide applications. The alternative sodium triacetoxyborohydride, [NaBH(OAc) 3 13 phenylsilane-dibutyltin dichloride. 14 All these methods require stoichiometric or excess quantities of the hydrides, which are generally highly reactive and expensive as well. Furthermore, use of tin hydrides in some protocols is not recommended for large-scale preparation as the residual insoluble tin compounds pose a great risk in its elimination. On the other hand, use of formic acid as the source of hydrogen, called the Wallach reaction, or ammonium salts of formic acid, called the Leuckart reaction, often yields the N-formyl derivative of the amine instead of the free amine. 15 Recently, we 16a and other groups 16b have shown that potassium formate promoted by palladium acetate can reduce efficiently the conjugated C-C double bond. It therefore appeared reasonable to investigate whether potassium formate, which is soluble in polar organic solvents and in water, with activation by palladium salt could significantly reduce the C-N double bond of the imine formed in the direct reductive amination reaction. We report herein our observation, which constitutes a one-pot reductive amination protocol for aldehydes and ketones, including conjugated ones, with the aid of potassium formate and catalytic palladium acetate.
Scheme 1
To examine the scope of this reaction, a variety of aldehydes and ketones were reductively aminated with aliphatic and aromatic amines (Table 1) . Both primary and secondary amines, such as morpholine (entries 2 and 6) have been used. Reactions with substrates bearing potentially reducible functional groups including chloro (entry 3), bromo and nitro (entry 7) yielded anticipated products without detectable reductive side products. Although acetophenone is a difficult case for some reductive amination protocols, use of excess potassium formate (2-4 mmol) and a slight excess of palladium acetate (5 mol%) gave reductive amination of the ketones at a rate comparable to that of other substrates. The process is equally effective for heteroaromatic systems (entry 5). Reductive amination of cinnamaldehyde (entry 12) with cyclohexyl amine, however, proceeded with concomitant reduction of the C-C double bond. Unlike the Leukart reaction or the Wallach reaction, no N-formyl derivatives were formed in this protocol.
It is well known that aldehydes generally form imines faster than ketones. In this protocol, separate conditions were employed for imine preparation prior to addition of reducing agent. Whereas the aldehydes (except cinnamaldehyde) were reacted with amines in presence of activated molecular sieves (4 Å), the imines from the ketones were prepared on a surface of silica gel following the procedure of Ranu et. al. 11 However the imines prepared by using either molecular sieves or silica gel were directly taken in dimethyl formamide and subjected to reduction by adding palladium acetate (2-5 mol%) and potassium formate (2-3 equiv) and heated at 40-60 °C for 3-6 hours. 17 The products were obtained after purification on column chromatography. In general, the reaction procedure is very simple and the reaction condition appears to be mild.
In summary, the method described here can be useful for preparing all classes of amines from suitable carbonyl compounds and the amines. Furthermore, the method can be of importance in view of cheap reducing agent, which decomposes to environmentally friendly chemicals. Since palladium catalysed hydride addition is probably the cause of the C-N double bond reduction, the possibility for asymmetric reductive amination in presence of a chiral ligand might be explored. Yield ( 
